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In Gurskebotn relics of garnet-bearing peridotite occur enclosed in lower-grade ultramafic rocks. Mg-rich
garnet pyroxenites and dikes of Fe-rich eclogite also occur within the ultramafic body. Garnet peridotite
is extensively deformed and locally shows mylonitic textures. Garnets from ultramafic rocks always show
retrograde zoning. Some garnets from pyroxenites contain inclusions of chlorite, often concentrated in
grain cores, suggesting derivation from a lower grade protolith. Eclogite garnets show slight prograde
zoning. Two different generations of garnet occur in pyroxenites; they can be distinguished both
texturally and chemically. In garnet peridotite two generations of spinel-bearing kelyphitic rims on garnet
can be observed. The earlier is usually deformed and has undergone some recrystallization. P,T-estimates
suggest that ultramafic and mafic rocks have been metamorphosed under similar conditions. The most
reliable estimates indicate a metamorphic maximum at T""750"C, P""20 kb. However, the ultramafic
rocks may have undergone more than one high-P metamorphic event, as indicated by the presence of two
generations of garnet and kelyphite. The present data may be interpreted in terms of a model involving
low-P protoliths for both ultramafic and mafic rocks.
B. Jamtveit, Mineralogisk-Geologisk Museum, Sars gt. l, Oslo 5, Norway.

Gamet-bearing ultramafic rocks are found as rel
ics in chlorite-amphibole harzburgites and ser
pentinites at many localities in the western gneiss
region of Norway. They are all found in an area
of the gneiss region where mineral assemblages
in eclogites and relict mineral assemblages in
gneisses show that the rocks have been equili
brated under P, T conditions at which gamet is
stable in ultramafic rocks.
Various factors - especially geothermobaro
metry based on element partitioning between
coexisting phases - have led to widely divergent
conclusions conceming the genesis of these gar
net-bearing, ultramafic rocks. Some have
claimed that the rocks containing a high-P miner
al assemblage have been tectonically introduced
into their present surroundings, and represent
more or less modified material from the upper
mantle (O'Hara & Mercy 1963, O'Hara et al.
1971, Carswe111968a, b, 1973, Lappin 1974, Lap
pin & Smith 1978, Medaris 1980). Others have
suggested that these rocks might have been de
rived from low-P protoliths (Griffin & Qvale in
press) and therefore could have been emplaced
in their present surroundings before the high-P
metamorphism. These interpretations concem
ing the genesis of gamet lherzolites and gamet
pyroxenites have clearly divergent implications

for the dynamic processes that have been in
volved in the tectonic evolution of the gneiss
region.
This paper describes a new occurrence of gar
net-bearing ultramafic rocks. The locality is at
Gurskebotn on the island of Gurskøy (Fig. 1),
about twenty kilometres north of the better
known localities in Almklovdalen (Eskola 1921).
The rocks at Gurskebotn are petrographically
related to the other Mg-Cr rich ultramafic rocks
that have been described from the gneiss region
(Carswell 1968a, b, 1973, Medaris 1980). Petro
graphic and mineralogical data will be used to
discuss the history of these rocks in time and
space, and some of the problems involved in
genetic interpretations of the Norwegian garnet
peridotites.

Field relationships
The peridotite localities at Rødskar and Sand
vika are found about five kilometres east and
west of the Gurskebotn locality along the strike
direction (Holdhus 1969, Medaris 1982) (Fig. 1).
At Gurskebotn the peridotite body extends for at
least one kilometre in WNW-ESE direction. It
seems to be elongated approximately parallel to
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Fig. l. Geology of the Hareidlandet - Gurskøy area.

highway 61 (Fig. 2). Only scattered outcrops are
visible, especially along a recent road cutting.
Most of the peridotite consists of a low-grade
metamorphic mineral assemblage containing am
phibole, chlorite and serpentine. The rock is
strongly foliated. Garnet-bearing peridotite is ex
posed in outcrops along the shore NW of the
school where a new road is built parallel to the
shore (loe. 2, Fig. 2), and in a recent house
excavation near the northern contact, north of
the school (loe. l, Fig. 2). The natura! outcrops
show a coarse-grained, unfoliated garnet perido
tite. The alteration of the garnets to chlorite and
amphibole takes place over a zone 1-3 metres
wide as the contact is approached. Loe. l shows
an interlayering of garnet peridotite with various
garnet-pyroxene rocks (Fig. 3). Most of the peri
dotites are retrograded and foliated parallel to
the layering. The pyroxenites include gnt + cpx
rocks (Type A 'eclogites'), gnt + cpx + opx rocks
(garnet websterites) and gnt + opx rocks ( ± oli
vine), irregularly interbanded on scales from cm
to dm. The outer parts of the thick pyroxene-rich
layers are garnet websterite with minor olivine,

and grade over 1-2 cm into garnet lherzolite.
Two thin garnet lherzolite layers within the pyr
oxenite bands are less foliated than the surround
ing peridotites. All of the olivine-rich rocks are
much finer-grained than the pyroxenites except
for the garnets within both rocks, which are
about the same size (1-8 mm).
Very coarse-grained unfoliated garnet lherzo
lite, containing single olivine crystals up to lO cm
across, occurs at loe. 2. Layers of garnet pyrox
enite rocks, as described above, can be observed,
but are less common.
Near the E end of the body there are several
outcrops of a fresh coarse-grained (5--10 mm)
eclogite with dark green clinopyroxene and dark
red garnet. This rock is in general only weakly
foliated. In megascopic appearance it resembles
the superferrian eclogites at Raudkleiva, in the
Almklovdalen peridotite mass (Griffin & Qvale
in press). The outcrops define a dike ca. 200m
long and 3-10 m thick, apparently continuous
and bounded by foliated serpentinite (and locally
gnt peridotite) on both sides.
Just NE of the school are two outcrops show-
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Fig. 2. Map of exposures of peridotite and associated rocks at Gurskebotn.

ing a l 112-2 m thick very coarse-grained granite
pegmatite with large books of biotite. This ap
pears to strike NE, across the foliation. The
biotite flakes and feldspar cleavages are locally
bent, showing that some deformation occurred
after intrusion.
The country rocks of the peridotite are migma
titic granitic gneisses with abundant small bou
dins and isoclinally folded layers of amphibolite
(± gnt). They are also foliated parallel to the
peridotite contact.

(< 2 mm), and gamet (1--8 mm), are set in a
mylonitic matrix of olivine+ opx+cpx+ amphi
bole (grain size 10-50 11) (Fig. 4a).
The strained pyroxenes show intragrain recrys
tallization and recrystallization along margins, to
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Petrography
Gamet lherzolite

Gamet lherzolite near the north contact (loe. l)
is clearly more extensively deformed than similar
rocks occurring along the road dose to the shore
(loe. 2).
Olivine-bearing rocks from loe. l display a
mosaic-porphyroclastic texture (Harte 1977) in
which strained porphyroclasts of opx and cpx
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Fig. 3. lnterlayering of garnet peridotite and various gamet·
pyroxene rocks in a recent house excavation.
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Fig. 4.
a) Oxp porphyroclast in mylonitic matrix
of olivine + opx + cpx + amphibole in
garnet peridotite. Field of view 2.5
mm long.

b) Cpx + amphibole intergrowth in pri
mary cpx from garnet-pyroxenite.
Field of view l mm long.

c) Unstrained olivine grains formed by
recrystallization of large olivine grain.
Field of view l mm long.
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d) Two generations of kelyphite on gar
net from garnet peridotite. Field of
view 2.5 mm long.

e) Second generation of kelyphite, slight
ly deformed, on garnet. Field of view
2.5 mm long.

f) Secondary garnet porphyroclast show
ing numerous inclusions of amphibole.
Field of view l mm long.

High-P metamorphism of garnet peridotite 101

102

B.

NORSK GEOLOGISK TIDSSKRIFf 2 (1984)

Jamtveit

form small, strain-free grains. Large grains of
pyroxenes commonly have been protected
against deformation by bays in the rims of gar
nets. Cpx porphyroclasts are often found in
groups of two or more grains and often show
extensive symplectitic intergrowth with amphi
bole (Fig. 4b). The two phases can be observed
to grow at the expense of an earlier cpx grain by
discontinuous precipitation (cpXQ+ H20- cp
Xn+ amph). Cp:xo and cpxn thus are not in opti
cal continuity.
Gamet is often found as large rounded grains,
but small irregular fragments (0.2-{). 7 mm) also
can be seen in the mylonitic matrix. Some gar
nets contain inclusions of cpx, opx and olivine.
There are clearly two generations of amphi
bole formed by breakdown of gamet. One is pre
deformational; the second is found as late unde
formed kelyphitic rims around gamet, often as
sociated with spinel. The first of these genera
tions often occurs in pressure shadows· next to
large gamet grains, and may be drawn out to
very fine-grained hands that define the foliation
of the mylonite. The foliation planes of the my
lonite are generally curved around the porphyro
clasts of gamet and pyroxenes, but sometimes
continue right through the grains and define a
plane of recrystallization within the clasts.
Gamet lherzolite from the shore locality is
richer in olivine, and is less deformed than lher
zolite described above. Olivines up to dm size
can be found. These include garnet and clinopyr
oxene, and are usually set in a fine- to medium
grained mosaic of olivine and pyroxenes. Clasts
of olivines generally show strong undulatory ex
tinction. Planes of recrystallization cutting
through olivine clasts are common (Fig. 4c). Re
crystallized olivines display an equigranular mo
saic texture. Exsolution of amphibole from cpx
as described above has not been observed in thin
sections from this part of the peridotite body.
Garnets (up to 5 mm) are commonly surround
ed by a kelyphitic rim, consisting of spinel+ opx
+ amphibole. Two generations of kelyphitic rims
can be distinguished (Fig. 4d). Early kelyphite
shows evidence for some recrystallization and is
commonly extensively deformed. Later kelyphite
is radially fibrous and only slightly deformed
(Fig. 4e). Between this kelyphite and olivine, a
rim (100-200 I.l thiCk) of granular opx is usually
found.

Garnet pyroxenite

The main textural difference between inter
layered olivine-rich and olivine-poor rocks from
the north contact zone is the grain size of the
recrystallized matrix material. In the pyroxenites
strained porphyroclasts (1-5 mm) of cpx+ opx
+ garnet+ amphibole are set in a fine- to medi
um-grained mosaic of essentially strain-free
cpx+ opx+ amphibole. The symplectitic inter
growth between cpx and amphibole described
above is also common in pyroxenites.
Some samples show clear evidence for growth
of a secondary generation of garnet at the ex
pense of the amphibole+ spinel kelyphite that
surrounds the primary garnet grains. Most com
monly the secondary garnet occurs as small
grains or aggregates of grains set in the amphi
bole dose to the primary garnets, but it can also
be found as larger porphyroblasts (max. l mm)
containing inclusions of amphibole and common
ly small grains of spinel (Fig. 4f). The secondary
garnet shows no clear evidence of deformation.
Large primary garnets sometimes contain inclu
sions of chlorite, often concentrated in grain
cores. Chlorite occurs as elongated flakes ( < O .l
mm) showing random orientation; twins (plane
(001)) are common. The chlorite is not associat
ed with cracks in the garnet and appears to repre
sent armoured relics of an earlier mineral assem
blage. No reaction between chlorite and sur
rounding garnet can be observed. Needles of
rutile (< O.l mm), often oriented in two approxi
mately perpendicular directions, are common as
inclusions in garnet.
Garnet pyroxenite from the roadcuts displays
similar textures, but seems to be poorer in am
phibole.

Eclogite
The primary mineral assemblage consists essen
tially of cpx (0.1-2 mm) and garnet (1-10 mm).
Rutile and opaques (ilmenite, pyrite, chalcopyr
ite, pentlandite) make up the rest of the assem
blage. The grain boundaries of the primary min
erals are generally irregular and surrounded by a
fine-grained recrystallized matrix consisting
mainly of cpx. However, the eclogite is definitely
less strongly recrystallized than the ultramafic
rocks. The garnets often contain inclusions of
cpx, apatite and rutile. A rim of greenish-brown
amphibole that postdates the deformation sur-
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rounds the garnets. Eclogitic rocks are generally
unfoliated and remarkably fresh.

Interpretation of petrographic
observations
The microstructures indicate that all the de
scribed rock types have shared a common history
from some time before deformation took place.
If this is so, it is clear that olivine-rich rocks
recrystallize more easily than pyroxenites and
eclogites under influence of stress.
The predeformational mineral assemblage of
the ultramafic rocks consists of gamet, olivine,
cpx, opx and amphibole, with large variations in
modal proportions. Regrowth of garnet from
predeformational amphibole (probably related
to early kelyphite) may indicate that the system
has been confined to P,T conditions where gar
net is a stable phase even later in the history of
the rocks. It is difficult from the texture to sped
fy bow regrowth of garnet is related in time to
the deformation, but there is no clear textural
evidence for the instability of garnet fragments in
the recrystallized matrix, which consists of two
pyroxenes ± olivine ± amphibole. The first gen
eration of kelyphite, from which secondary gar
net has grown, is clearly predeformational.
The existence of chlorite inclusions in primary
garnet might be used as an argument for a pro
grade metamorphism from a low grade mineral
assemblage. Such a conclusion will depend on
knowledge of the stability field of a chlorite of
this particular composition, in rocks of pyroxeni
tic bulk composition.
Formation of symplectitic intergrowth of cpx
and amphibole is apparently a syn- or postdefor
mational event. Stress during the deformation,
and possibly introduction of additional water,
may have initiated the process.
The textures indicate that garnet-peridotite
from the margins of the complex has been sub
jected to larger shear-stress than rocks from the
central parts. Probably this is a result of a
marked difference in competence between the
peridotite body and surrounding gneiss during
deformation. It seems likely that some water has
been introduced to the ultramafic system during
deformation. A lower activity of water in the
central part of the complex may explain the lack
of amphibole exsolution from cpx in this part of
the body.
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Fig. 5. ACF diagram showing composition of garnet, cpx and

opx porphyroclasts from garnet peridotite, cores ( crosses) and
rims ( open circles) . Filled circles are garnet and cpx from
eclogite.

Mineral chemistry
Mineral analyses were done on an ARL-EMX
electron microprobe, fitted with a LINK energy
dispersive system at the Mineralogisk-Geologisk
Museum, Oslo. Previously analysed natura! and
synthetic rninerals were used as standards. The
mineral chemistry of the peridotite is similar to
that of other Mg-Cr rich ultramafic rocks earlier
described from the gneiss region (Carswell
1968a, b, 1973, Medaris 1980).
The analyses have revealed compositional zon
ing of opx, cpx and garnet porphyroclasts from
cores to rims. There are also marked differences
in chemistry between clasts and recrystallized
grains of the same three minerals (Table 1). Fig.
5 shows an ACF plot of 'coexisting' cpx, opx and
garnet. Olivine shows only small variations in
chemistry, ranging from Fo88 to Fo89.
Orthopyroxene

Mg
than
Mg+ Fe
olivine from the same sample, ranging from
En88.s...90• The Ca content is low (0.11-0.25 wt%
CaO) as is that of Cr203 (0.05-0.16 wt%). The
Al content shows a marked increase from cores
of porphyroclasts (0.50 wt% Al203) to rims (0.79
wt%) (Table 2). Opx found as inclusions in gar
nets are poor in Al (< 0.5 wt%). In the opx of

Orthopyroxene always has higher
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l. Microprobe analyses of minerals in garnet peridotite, garnet pyroxenite, eclogite and chlorite harzburgite.

Garnet peridotite

incl. in
garnet
Si02
Ti02
Ah03
Cr203
FeO
MnO
MgO
CaO
Na20
K20
a

Table

clast.
core

clast.
rim

myl.
matrix

clast.
core

clast.
rim

myl.
matrix

clast.
core

clast.
rim

OI.

Amph.

myl.
matrix

myl.
matrix

exsolv.
f.cpx

44.85
0.61
11.42
1.14
4.31
0.08
18.79
11.71
2.73
0.12
0.36
96.12

44.37
0.53
12.52
0.93
4.38
0.07
17.86
12.24
2.95
0.07
0.30
95.95

55.42
0.27
3.31
0.69
2.79
0.03
15.24
20.67
2.31

54.76
0.16
3.64
0.79
2.63
0.05
15.39
20.79
1.%

54.04
0.08
1.37
0.74
2.18
0.06
16.89
23.48
0.78

54.91
0.14
0.89
0.34
2.01
0.12
17.28
24.91
0.24

57.23
0.10
0.50
0.10
7.86
0.20
34.23
0.17

57.68
0.07
0.79
0.04
7.71
0.05
34.28
0.16

56.88
0.04
1.37
0.11
8.11
0.02
33.71
0.18

41.52
0.14
23.09
1.06
10.67
0.39
19.29
4.14

41.52
0.17
22.93
0.88
12.30
0.43
18.20
3.93

40.69
0.06
0.18
0.02
10.80
0.21
47.49
0.09

100.73

100.35

99.62

100.84

100.39

100.78

100.42

100.30

100.36

99.54

l, cont.

Eclogite

Garnet clinopyroxenite
Cpx
clasts
core
Si02
Ti02
A120
Cr20
FeO
MnO
MgO
CaO
Na20

Garnet

Opx

Cpx

Chlorite Cpx

Garnet

rim

55.42
0.12
3.95
0.34
2.28
0.01
14.78
21.47
2.41

54.36
0.05
3.82
0.14
1.94

100.78

99.18

14.92
21.91
2.04

clasts
core

Chlorite hanburgite

rim

incl. in
garnet

clasts
core

35.24

53.40
0.15
6.20

41.82
0.19
23.94
0.42
10.37
0.05
19.25
4.75

41.79
0.01
23.84
0.36
11.97
0.23
18.35
4.24

15.97
0.07
9.88
0.09
24.06
0.64

100.79

100.79

85.95

Garnet

rim

clasts
core

Opx
core
rim

38.08
0.05
21.47

38.66
0.17
22.07

6.84
0.17
10.81
17.67
4.08

52.80
0.21
4.79
0.02
8.00
0.15
11.76
19.80
2.59

24.52
0.70
6.21
8.67

99.32

100.12

99.70

the mylonitic matrix of the garnet lherzolites, the
Al content is higher (up to 1.5 wt% ). There is no
marked difference in chemistry between opx
from garnet-lherzolite and from garnet
websterite.

Clinopyroxenes

Clinopyroxene displays more extensive vari
ations in chemistry. The most prominent feature
of cpx in lherzolite and pyroxenite is an increase
in Mg and decrease in Fe from cores to rims of
porphyroclasts. Cpx in the mylonitic matrix is
generally more Mg-rich than porphyroclast rims.

Chlorite Olivine
by
chlorite

57.90

56.82

24.20
0.61
6.68
8.57

0.15
6.60
0.14
35.40
0.10

0.03
7.05
0.15
35.93
0.05

100.96

100.19

9.03

32.43
0.07
13.04
2.99
4.65

39.89
0.17

32.75

0.02
14.74
0.17
45.79

85.93

100.78

The jadeite content of cpx from lherzolites varies
from 10 mol% in grain cores to less than 5 % in
rim. In the mylonitic matrix cpx is diopside, prac
tically devoid of jadeite (Table 2}. The chromi
um content of clast cores ranges from 1.95 to 3.2
mol% chromediopside in lherzolite to less than
l% for garnet clinopyroxenite, indicating that
the layers of garnet clinopyroxenite cannot have
formed by simple metamorphic segregation.
Where cpx forms symplectitic intergrowths with
amphibole it is markedly lower inNa, Al, Cr and
Fe; these elements are concentrated in the am
phibole phase. Table 3 shows the change in
chemistry during the growth of two new phases
(cpxn and amphibolen) from primary cpx (cpXo)

High-P metamorphism of garnet peridotite
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2. Variations in chemical composition of eclogite facies minerals.

Gametperidotites

Cpx
mol% (Jd + Ac)
Gamet
Py
Alm + Sp
Gr
Opx
wt% Ah03
En

Garnetpyroxenites

Core

Rim

Core

Rim

Core

Rim

14.3

3.4

15.7

13.9

28.9

18.5

69.1
20.2
10.7

65.1
24.8
10.1

68.4
19.5
12.1

65.4
23.7
10.9

24.4
51.1
24.5

26.0
50.0
24.0

0.50
89.6

0.79
88.8

by discontinuous precipitation (Fig. 4b). The
analyses labeled cpx1 and amph1 represent a tran
sition zone and may be considered as represent
ing intermediate stages of the reaction. In ultra
mafic rocks the chemical trends manifested by
zoning of porphyroclasts generally continue out
into the matrix.
Clinopyroxene from the dike-like eclogite
body is much richer in iron and sodium than that
from the ultramafic systems. In their high Fe
content (6.4-8,0 wt% FeO +Fe203) they resem
ble the pyroxenes of superferrian eclogites from
Raudkleivane at Almklovdalen (Griffin & Ovale
in press). The zoning of cpx from eclogites is the
opposite of that seen in ultramafic rocks, showing decreasing

Eclogite

M�

from cores to rims. The
Fe+ g
content of Jd + Ac decreases slightly from cores
(28. 9 mol% ) to rims (18. 4 mol%) (Table 2).

Fe
of
Fe+Mg
gamet dose to chlorite inclusions is similar to
that typical of gamet rims.
Gamet from eclogite is Fe-rich (over 50 mol%
Alm+Spes) and richer in grossularite compo
nent ( 24-24. 5 mol% gross) than gamet from ul
tramafic systems (Table 2) . Fe decreases and Mg
increases from cores to rims.

Ca concentration in the core, and

Amphiboles

Amphibole is generally pargasitic in ultramafic
rocks. During the development of cpxlamphibole
intergrowth, amphibole becomes enriched inNa,
Al, Cr and Fe (Table 3) (Fig. 7) . Amphibole
replacing secondary gamet is more pargasitic

Garnets

Garnets from ultramafic rocks are pyrope-rich
(65-70 mol% ) and show only small variations in
grossular content (10.1-12. 1 mol% ); the cores
are higher in Ca than rims. Garnets from clino
pyroxenite are generally more calcic than garnets
from opx- and olivine-bearing rocks. Secondary
gamet is always higher in Ca than primary gamet
from the same sample (Table 4). Garnets always
show increasing Fe and decreasing Mg from
cores to rims in ultramafic systems, but there is a
Fe
in the cores of
significant increase in
Fe+Mg
large garnet grains (Fig. 6). A gamet containing
chlorite inclusions shows two maxima in chromi
um content - one at the rim and one in the core.
In the same grain there is a marked maximum for
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3. Stages in formation of cpx + amph. intergrowth.

Clinopyroxenes

Si02
Ti02
A1203
Cr203
FeO
MnO
MgO
CaO
Na20
K20
a

Cpx.,

Cpx1

Cpx11

Amph,

Amph11

54.64
0.03
3.12
0.78
2.93
0.0
15.88
20.01
2.10
0.0
0.0
99.49

54.39
0.01
2.54
0.52
2.68
0.08
15.95
21.92
1.43
0.0
0.0
99.52

55.26
0.11
1.24
0.41
2.33
0.09
17.17
24.52
0.83
0.0
0.0
101.96

46.14
0.58
10.21
1.23
3.91
0.03
17.13
14.79
2.78
0.0
0.25
97.05

43.44
0.66
13.77
1.56
3.57
0.07
17.64
12.71
3.09
0.10
0.43
97.04

�;�,•

Reaction: Cpx., + H20

Table

Amphibole

Cpx11 + Amph11

Si02
Ti02
Al203
Cr203
FeO
MnO
MgO
CaO
Na20
K20
Cl

*

•

EDENITE
0.8 c0.60.4 10.2 r-

4. Development of secondary garnet

Garnet

1.2 1-

Amphibole

Mean
Core

Mean
Rim

Second
generation

First
kelyphite

Second
kelyphite

41.62
0.09
23.04
0.74
10.68
0.14
19.43
3.99
0.0
0.0
0.0
99.83

41.50
0.10
23.08
0.64
12.38
0.32
18.23
4.07*
0.0
0.0
0.0
100.32

41.15
0.03
23.03
0.57
12.92
0.44
17.12
4.73
0.0
0.0
0.0
99.99

43.71
0.56
16.39
0.85
4.29
0.06
17.18
11.13
12.64
0.17
0.20
97.18

42.72
0.43
17.06
0.31
4.56
0.12
16.85
12.06
3.36
0.07
0.25
97.79

st. dev. <0.2

than that replacing primary garnet (Fig. 7). The
amphibole always has a measurable Cl content
(0.19-0.45 wt% ).

P ,T-estimates

The partitioning of elements between coexisting
phases allows estimation of the pressure and
temperature of equilibration of the system, if it is
clear which phases have been in equilibrium.
Relevant geothermometers for these rocks are
n
based on partitioning of Mg and Fe between
garnet and cpx (Ellis & Green 1979, Mori &
Green 1978). In using these thermometers the

o

o

�
0.2

�
0.4

�
0.6

�
0.8

l
1.0

�
1.2

1.4

Na+K

Fig. 7. Compositions of amphiboles. Arrow from area la, to
1
lb, shows increasing Al v and alkalies from primary to secon
dary kelyphite in garnet pyroxenite. In area 2 triangles repre
sent amphibole from fine-grained matrix in garnet peridotite.
Dots show composition of amphibole exolved from cpx. Arrow
1
indicates change in Al v and alkalies during evolntion of am
phibole11 from amphibole1 (see text).

main problem is to determine how much of the
total Fe is present as Fem. For the ultramafic
rocks, it seems most appropriate to assume all Fe
as Fell in garnet and calculate Fell/Fem in cpx
from charge balance (Carswell & Griffin 1981).
Such a calculation is very sensitive to small ana
lytical errors, especially in Si02 concentration.
Underestimates of Si02 will cause too much Al
to be assigned to the tetrahedral position, and
the quantity of Fem alloted to compensate for
charge balance will therefore be too large. This
problem is especially severe in Mg-rich systems,
such as the ultramafic rocks discussed here, and
can lead to underestimates of temperature.
Rossi et al. (1978) showed that tetrahedral
(X1v-O) bond length in cpx from high-P mafic
rocks (glaucophane eclogites and eclogites) is a
function of octahedral (Ml-O) bond length only.
The presence of tetrahedral Al would be expect
ed to disturb such a relation. Rossi et al. (1978)
suggest that "it could be more misleading to
correct small Si deficits in chemical analyses of
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Table 5.

P, T-estimates for different combinations of eclogite facies minerals.

Rock type

Mineral combinations

Gamet peridotite
and gamet pyroxenite

Eclogite

Porphyroclast cores
Cpx and got cores
+ opx rims
Porphyroclast rims
Pyroxenes from
myl.matrix + got rims

28-32

75(}-790

2S-31

23-27

75(}-790

23-26

63()...{i6()

16-18

610-640

15-17

<660

12-14

<650

12-14

Porphyroclast cores

71(}-730

20 (assumed)

Porphyroclast rims

75(}-800

20 (assumed)

The zoning of minerals has often been used to
derive the path along which the rock has trav
elled in P, T time-space. Zoning implies disequi
librium and disequilibrium is necessary if we are
to infer something about the history of a rock.
Geologisk Tidsskr.

2184

P(kb)
T("C)
Mori & Green
Wood

75(}-810

Discussion

-

P(kb)
T("C)
Ellis & Green
Wood

75(}-810

these pyroxenes by adding tetrahedral Al than to
assume two silicon atoms per formula unit".
Therefore Fell/Fem for eclogite clinopyroxenes
has been calculated assuming no tetrahedral Al.
All Fe in garnet is taken as Fell. The tempera
ture was then estimated assuming P= 20 kb,
since this seems to be a reliable estimate of the
pressure at the peak of the eclogite forming
metamorphism (Table 5). This assumption intro
duces a maximum error of about 10°C.
If temperature is known, pressure can be esti
mated from partitioning of Al between garnet
and opx (Wood 1974, Harley & Green 1982).
P, T-data are given for different combinations
of minerals in ultramafic rocks (Table 5 ) from
Gurskebotn.
The results from the cores (T= 750-810°C, P
= 28--32 kb) and from the mylonitic matrix (T <
650°C, P= 12-14 kb) must not be taken at face
value, because there is no assurance that the
minerals combined for these estimates really re
present an equilibrium assemblage. However, it
seems reasonable to conclude that the garnet
peridotite and the eclogite have been metamor
phosed under the same P, T conditions. The
estimates also demonstrate a strong retrograde
zoning of minerals from ultramafic rocks while
estimates from eclogite minerals illustrate a slight
prograde zoning.

8
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It may seem contradictory that minerals from
rocks expected to have shared a common history
show zoning patterns in opposite directions. As
mentioned earlier, minerals from garnet perido
tite show 'retrograde' zoning while garnet and
cpx from eclogite show 'prograde' zoning. If it is
assumed that garnets have grown from the core
and rimwards (as the high chromium concentra
tion in garnet cores may indicate (Fig. 6) ), there
are at !east two possible explanations for the
zoning patterns observed.
One is to assume different diffusion rates in
garnet peridotite and eclogite. Diffusion rates
must be assumed to be greater in the systems
whose minerals show retrograde zoning, i.e. the
Mg-rich systems (Krogh 1982). In these systems,
minerals would have equilibrated completely at
the metamorphic peak, and would show only
minor retrograde zoning at their rims, frozen in
during cooling and uplift. On the other hand, in
the Fe-rich eclogites, diffusion would have to
have been so slow that there was not time
enough for the minerals (especially garnet) to
adjust to either the increasing temperature of
prograde nature or to a temperature decrease
during uplift. Their zoning would then record
both the prograde and the retrograde paths. This
model is consistent with a single metamorphic
event producing garnet-bearing assemblages
from earlier low grade rocks. This interpretation
has a rather ad hoc flavour, but must be postulat
ed if a single metamorphic event shall be an
alternative.
Other evidence that suggests a prograde meta
morphism from lower-grade rocks comes from
the presence of chlorine in the amphibole of the
ultramafic rocks, and chlorite inclusions in garnet
from garnet pyroxenites. Rucklidge & Patterson
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CLAST CORES

� GNT/CPX CORES +

u.1J

OPX RIMS

� CLAST RIMS
�
GNT RIMS +

[IT]

OPX/CPX FROM
MYLONITIC MATRIX

20

10

Temperature °C

8. Possible cooling path for the gamet bearing ultramafic
and mafic rocks from Gurskebotn.
Curves:
1: Lower stability of JduXJ + Q
2: Spinel peridotite/gamet dunite transition in CMAS system
(Jenkins & Newton 1979).
3: Spinel peridotite/gamet dunite transition in a mixture of
natura! gamet and olivine (Jenkins & Newton 1979).
Fig.

(1977) and Miura et al. (1981) have proposed
that the conversion of olivine to serpentine in
volves an intermediate Fe2(0HhC1 phase. The
chlorine might have been trapped in the system
and can be found in the present amphiboles.
Chlorite indusions in garnet also suggest the
derivation of the ultramafic rocks from low-P
protoliths.
A second model for the explanation of the
zoning patterns must involve two high-P meta
morphic events. The ultramafic rock must have
taken part in both of these events, while the
edogitic rocks were intruded, probably as a ba
saltic magma, sometime between these events.
The second metamorphism would then have
caused the retrograde zoning of the garnet peri
dotite and the prograde zoning of edogite. The
second generation of garnet seen in some pyrox
enites would be regarded as a manifestation of
the second high-P event. The first generation of
kelyphite on garnet could then be explained by

retrograde metamorphism of the ultramafic sys
tem between two metamorphic peaks. If garnets
in mafic and ultramafic rocks grew in opposite
directions there would be no need for such a
model to explain the chemical zoning of the min
erals. Opposite senses of zoning would then im
ply growth under conditions that were changing
in the same direction for both rocks. However, I
believe that earlier data on garnet growth in
edogites (Krogh 1982), and data given in this
paper for chemical zoning of garnets in ultrama
fic rocks, support a model involving rimwards
growth of garnet in both these rocks.
Any other model must necessarily accept man
tie derivation of ultramafic rocks containing a
high-P assemblage. Primary homogeneous min
erals from the mantle rocks would then record
minor retrograde zoning during cooling and up
lift. There is, however, no dear evidence to sup
port such a model.
To follow the systems through their evolution
in space we must take a doser look at the P, T
estimates. The main problem in estimating the
pressures and temperatures of equilibration of a
mineral assemblage is to know which phases
formed in equilibrium with one another. It is
reasonable to believe that minerals in contact
with each other without visible reaction are at
equilibrium. However, the phases considered
here are seldom in direct contact, except in the
case of indusions in garnet. Around garnet por
phyrodasts there is generally a kelyphitic rim of
amphibole + spinel. This rim may have affected
the chemistry of the phases from which it is
formed. However, if the kelyphitic rim is thin, it
should be expected that analyses of garnet and
cpx porphyrodasts dose to the rims will give
estimates of temperature reasonably dose to the
temperature at which garnet and cpx rims equili
brated. Similarly the pressure can be estimated
from analyses of opx and garnet dose to each
other.
Many geologists who have worked on analo
gous rocks in the gneiss region have assumed that
the cores of porphyrodasts may represent a
"primitive" mineral assemblage) Lappin 1974,
Lappin & Smith 1978). This assumption leads to
very high P, T-estimates, which have been ex
plained by a mantle origin for the garnet-bearing
assemblages. A critical factor governing the pres
sure estimates is the Al concentrations in cores of
opx grains. Generally opx shows low Al concen
trations (often less than 0.5 wt% Al203) in cores
and a rimwards increase, especially towards adja-
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cent gamet grains (e.g. Carswell et al. in press).

may have been caused by deformation during a

However, there is no textural evidence that opx

rather rapid uplift and a corresponding rapid

cores have ever been in equilibrium with gamet.

cooling which prevented extensive grain growth.

Therefore another explanation of low Al in opx

The rnineralogical and petrological similarities

cores is that these cores have never been in

between the garnet peridotite from Gurskebotn

equilibrium with garnet. In fact opx cores can

and garnet peridotites described from other lo

very well be part of an earlier

assem

calities in the Western Gneiss Region indicate a

Table l shows analyses of minerals in a chlo

peridotites from Raudkleivane, Almklovdalen,

lower-grade

blage.

sirnilar history in space and time. Like the garnet

rite-talc harzburgite from Davik in western Nor

the peridotite body in Gurskebotn is intimately

way. This rock is the low-grade equivalent of the

associated with an Fe-rich eclogite showing evi

garnet peridotite assemblage

dence for recrystallization under a regime of in

(Medaris

1980).

Note that opx in equilibrium with chlorite is

creasing temperature. This and other pieces of

practically devoid of Al. It is also generally true

evidence given here suggest that the most plausi

that the opx coexisting with amphibole is poor in

ble model, to explain the available data, involves

Al (Brastad, pers. comm.). This suggests that the

an early low-P history for both the peridotite and

zoning of Al in opx from garnet-bearing ultrama

the eclogite. However, dating of mineral assem

fic rocks could be the result of the slow diffusion

blages in both of these rocks will be necessary to

of this element in opx during prograde metamor

finally verify or discount the existence of one or

phism from chlorite-bearing to garnet-bearing as

more high-P metamorphic events.

semblages. A low diffusion rate for a small triva
lent ion would not be surprising, since substitu
tion of Al in the octahedral position must be
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coupled with substitution of Al in the tetrahedral
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position to maintain charge balance. It therefore
would appear that use of rim values of Al con
centration in opx in calculating equilibrium con
ditions of the system gives more realistic geologi
ca! information than the published estimates that
use Al concentrations from opx cores (Carswell
et al, in press, Mørk, in press).
Similarly there is no assurance that the mineral
compositions used to calculate "equilibration"
conditions for the mylonitic matrix represent a
true assemblage. However, the estimated P, T
for mylonitic matrix is near the limit for instabil
ity of the garnet + olivine assemblage (Jenkins &
Newton
Fig.

8

1979)

so the result is not unreasonable.

shows the possible cooling history of the

rocks assuming that both generations of garnet
were forrned without a large intervening time
interval.
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ships in garnet peridotite at Kalskaret near Tafjord, southern
Norway. Contrib. Mineral. Petro/.

rimwards, the slight prograde zoning of garnet in
the eclogite indicates growth under a regime of
increasing temperature. It also indicates rather
rapid cooling, as slow cooling would imply more
extensive retrograde zoning. Since diffusion rates
vary exponentially with temperature, the cooling
must have started shortly after the peak of meta
otherwise the garnets in eclogite
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